. 1996. Defining a realistic control for the chloroform fumigation-Incubation method using microscopic counting and 14 C-substrates. Can. J. Soil Sci. 76: 459-467. Chloroform fumigation-incubation (CFI) has made possible the extensive characterization of soil microbial biomass carbon (C) (MBC). Defining the non-microbial C mineralized in soils followin~ fumigation remains the major limitation of CFI. The mineralization of non-microbial C during CFI was examined by adding 1 C-maize to soil before incubation. The decomposition of the 14 C-maize durin~ a I 0-d incubation after fumigation was 22.5% that in non-fumigated control soils. Re-inoculation of the fumigated soil raised 1 C-maize decomposition to 77% that of the unfumigated control. A method was developed which varies the proportion of mineralized C from the unfumigated soil (UF c) that is subtracted in calculating CFI biomasss C. The proportion subtracted (P) varies according to a linear function of the ratio ofC mineralized in the fumigated (Fe) and unfumigated samples (F dUF c) with two parameters K 1 and The equation was applied to other CFI data to determine its effect on the measurement of MBC. The use of this approach corrected data that were previously difficult to interpret and helped to reveal temporal trends and changes in MBC associated with soil depth.
Microbial biomass plays a major role in soil as both a nutrient source and a catalyst in nutrient transformations. The most corrunon methods to measure soil microbial biomass are based on chloroform-fumigation (Smith and Paul 1990) . The application of the CFI method is confounded by the difficulty in ascertaining the contribution of non-microbial C to the fumigation flush (F c) (Horwath and Paul 1994) . In soils with relatively low microbial biomass but high respiration activity, the subtraction of the C0 2 evolved from an unfumigatcd sample (uncorrected control) often leads to low or negative biomass estimates. Jenkinson et al. (1976) , recognized this problem and suggested subtracting the C0 2 mineralized during the 10-to 20-d incubation of non-fumigated soil (UFc 10 • 20 ) from Fe to compensate for the mineralization of non-microbial C. Subtraction of UF c 10 • 20 decreases the proportion of low or negative biomass estimates in comparison to subtracting the 0-to 10-d respiration (UFc). However, it does not represent what happens during the initial I 0 d and therefore does not constitute a true control.
The chloroform fumigation extraction (CFE) method has fewer problems with defining a control. It is more rapid, although requiring additional analytical procedures (i.e. C digests followed by titration, Kjeldahl procedures for organic N, etc.) for the determination of C and N which can lead to inconsistent results as compared to CFI. These problems can be corrected by using better instrumentation such as liquid C and N analysers. Becau e of the problems with interpreting the CFI control, CFE is gaining wider usage. Studies with CFE have shown increases in the extraction of nonmicrobial carbon (Martens 1985; Badalucco et al. 1990; Couteaux et al. 1990; Martikainen and Palojarvi 1990) . Also it is difficult to consolidate the C and N isotopes for mass spectrometry or scintillation counting (Horwath and Paul 1994) . Other methods such as the measurement of ATP or substrate-induced respiration cannot be used for the measurement of tracers in the soil microbial biomass. Of rhe available methods, CFI is best suited for measurement of tracers in the soil microbial biomass.
The CFI method was originally calibrated against nine soils from two locations by microscopic biovolume determination and addition of microorganisms grown in vitro (Jenkinson 1976; Jenkinson et al. 1976 ). Microbial C was calculated using a Kc (correction factor) of 0.45 to 0.5, i.e. the fraction of microbial C mineralized in I 0 d. Microscopy is a direct estimate of biovolurne, however, biovolumc to weight, C, and N conversions have remained problematic (Paul and Clark 1996; Bottomley 1994 ) . A Kc value of 0.41 was derived from the decomposition of 16 fungal and 12 bacterial species labeled with 14 C in four soils (Anderson and Domsch 1978) . Voroney and Paul (1984) , proposed a Kc of 0.41 without the subtraction of a control. This was obtained by fumigation of soils where a 14 C labeled microbial biomass had previously been developed by adding labeled glucose and incubation.
The control problem is the greatest when the C0 2 mineralization from unfumigated soils (UFc) approaches or is higher than that obtained from a fumigated sample (F c)· The problem is small when the Fe to UFc ratio is wide. We hypothesized that it should be possible to vary the proportion of the control (P) to subtract from F c as a function of the Fci UFc ratio. To accomplish this, we modified the CFI biomass C calculation to subtract a variable proportion of the control. The proportion subtracted (P) was set as a linear function oftheFd UFc ratio and the parameters of the function were estimated by regression of fumigation data against microscopic biomass measurements for a series of soils. The ability of unfumigated and fumigated soils to decompose non-microbial C was measured with hot-water washed 14 C maize straw.
MATERIALS AND METHODS

Determination of the Mineralization of Nonmicrobial C
The soils examined represented a wide range of soil organic C and N contents and differences in vegetation, management, and soil type. Soils from California and Colorado were air dried prior to use (Table 1 ). The remaining soils were collected from the field and stored moist at 4°C until used. Soils were sieved through a 4-mm screen and gravimetric moisture content was determined after drying at 1 05°C for 24 h. For the laboratory incubations, soils were adjusted to 55% of water-holding capacity. The air-dried soils were pre-incubated for 7 dafter re-wetting. Uniformly labeled 14 C maize straw (233 Bq mg-1 C), leached in hot water to remove easily decomposable material, was used to determine the proportion of non-microbial C mineralized to C0 2 in fumigated and unfumigated soils. The leached maize straw was used as a model for that part of the soil organic matter (SOM) which is not hwnified or stabilized as microbial by-products. This approach has also been used by Smith et al. ( 1995) . The maize (2-3 g) was ground in a Wiley Mill to pass a 20-mesh screen, extracted in a glass beaker with 150 mL of hot water (80°C), swirled, and vacuum filtered through a No. 1 Whatman ftlter for a total of three extractions. The extracted material was dried at 70°C. Leached maize straw (7 mg) was added to 15 g soil (dry weight). A set of soils was fumigated with ethanol-free chloroform (Jenkinson and Powlson 1976) for 18-24 h immediately after the addition of labeled maize straw. The chloroform was removed and the soils and controls were incubated at 25°C for 10 d (Horwath and Paul 1994) . A separate set of fumigated soils containing the labeled maize received fresh soil (1% by weight) to determine the effects of an inoculum on the mineralization of non-microbial C. Soil C and 14 C mineralization were determined in fumigated and non-fumigated soil by trapping C0 2 in 1 mL 2.0 M NaOH. An aliquot (0.1 mL) from each alkali trap was mixed with 10 mL of scintillation fluid (Scintiverse II, Fisher Scientific) and the 14 C determined in a liquid scintillation spectrometer (Packard Instrument Co., Downers Grove, IL). The excess NaOH was titrated with 0.5 M HCI to a phenolpthalein endpoint after the addition of BaCl 2 (Horwath and Paul 1994) . The 14 C mineralized in fumigated soil was expressed relative to the amount mineralized in corresponding non-fumigated control incubations. 
The Determination of the Partial Control Relationship
Microscopic biomass estimates were compared to CFI biomass during long-term incubation of California forest soils to dctcnnine the fraction of control to subtract from fumigated samples. The soil was incubated in specimen containers ( 140 mL) with a 1-mm hole drilled into the cap to facilitate oxygen diffusion. Soil moisture was maintained at 55% of water-holding capacity by addition of deionized water on a gravimetric basis. Microbial biomass was determined on days 0, 80, and 160 by CFI and microscopy.
The partial control relationship was validated on soils from a poplar plantation and a long-term agronomic study (RobertSon et aL 1996) in M ichigan (Table 1) . Soils from the poplar site were sampled to a depth of l 00 em at intervals of0-25 c~ 2~0 em, and 60-100 em, sieved through a 4-mm screen, and stored at 4°C until used (Horwath ct a!. 1994) . The soils from the agronomic site were sampled from 0 to I 0 em, sieved through a 4-mm screen, and stored at 4°C until used.
Microbial C was estimated by the CFI method (Horwath and Paul 1994) . Microscopic biomass estimates on subsamples of California soils ( 1 g) (Norton et aL I 990) were made after dispersion by blending at high speed for 4 min in 50 mL of 50 mM Tris buffer pH 7.5 (Ramsay 1984). Soil smears were prepared and stained with fluorescein isothiocyanate (Babuik and Paul 1970) . Bacteria were counted in three size classes and numbers converted to biovolume. To determine the biovolume of fungal hyphae, the soil suspension was stained with trypan blue (Ingham and Klein I 984) .
Soil dilutions were filtered onto 0.2 1-llll ceUulose triacetate membrane filters and air dried. Filters were clarified with mineral oil and observed at 500x magnification. The length and diameter of the fungal hyphae were measured using an eyepiece graticule. Each determination consisted of two soil samples, four replicate smears or filters and 10 fields per smear or filter. Bacterial biomass determination on other soils were made using acridine-orange-stained soiL Soil (10 g) was homogenized with 200 mL of 0.2 M Tris (pH 8) in a Waring blender for 60 s. Serial dilutions of I mL homogenate to 9 mL Tris buffer were done to obtain 0.1 mg soil mL -I for bacteria and 0.5 mg soil mL _, for fungi. The final dilutions were stained with 0.5 mL acridine orange (0.1% wt/vol in water) for 10 min (Faegri et aL 1977) . The dilutions were preserved by adding 0. 1 mL formaldehyde.
The dilution was drawn through a pre-wetted ( I mL 0. 1% Tween 80 in water) 0.2 IJlll black Nucleopore membrane filter on a vacuum side ann flask. Graticule fields were coun ted randomly until at least 300 bacteria were counted using a fluorescence microscope. Fungal hypha! length was determined by the line intersect method (Hanssen eta!. 1974) . A mean volume of 0.12 J.Lm 3 for bacteria (Bakken and Olsen 1983 ) and a 2.3-1-lffi diameter for fungi were used in the calculation ofbiovolume. Carbon content of bacteria and fungi was calculated using factors of 200 fg C J.Lm-3 for bacteria (Bloem at al. 1995) and ! 50 fg C J.Lm-3 for fungi (Paul and Clark 1996) .
RESULTS
Decomposition of 1 4C Maize
The C content of the California soils ranged from 26.4 g kg-1 in the annual grassland to 70.0 g kg-1 in an old growth forest (Table 1) . N itrogen varied similarly to give C:N ratios in the mid 20 's. The mineral horizon of Michigan soils contained 10 to 18 g C kg-1 w ith C:N ratios of 8.5 to 14. The subsurface soil C (>25 em in depth) from Michigan soils ranged from 2.7 to 3.7 g kg-1 and had C:N ratios between 9 and 12. The C and N contents of the Colorado dry land soil were intermediate between the Michigan and California soils. The C0 2 evolved in a l 0-d incubation represented 0.6% of total C in the California old growth and 10% of Michigan Red Pine soil ( Table 2 ). The high activity of the red pine site was reflected in the narrow C:N ratio of 8.5 (Table 1) . Problems involved in using a control are exemplified by the fact that UFc exceeded F c in the three Michigan soils (Table 2) .
Re-inoculating the Fe sample resulted in a 10-33% increase in C0 2 production over the non-inoculated F c sample ( Table 2 ). The Colorado dry land showed the lowest increase at 10%, and the California old growth soil showed the highest effect at 33%. The mineralization of 14 C, leached maize was consistently greater in the reinoculated soils relative to total C0 2 mineralization. The non-inoculated F c soils showed an average 22.5% degradation of the 14 Cmaize relative to UFc. The re-inoculated Fe mineralized an average of77% of the 14 C maize relative to UFc. This indicated that organisms added in the inoculum can attack plant residues in fumigated soils and that decomposition in the fumigated soil is limited by lack of competent organisms.
Subtraction of a Partial Control
Both soil depth and incubation length reduced the rate of C0 2 mineralization in the California forest soils (Table 3) . The C0 2 produced in the 10 to 20 d period represented 87-92% of that found in the 0 to 10 d incubation. Fumigation resulted in CO, production that in some cases was similar to the control, In other cases it was four times greater. Calculation ofthe CFI biomass, without subtracting a control, resulted in high values compared with microscopically detennined biomass C. The use of the 10 to 20 d control resulted in a great range of biomass estimates with little relationship to microscopically detennined biomass. We hypothesized that the proportion (P) of the 0 to 10 d control ( UFc) that should be subtracted from the fumigated flush (Fe) would vary as a function of the ratioFdUFc such that when F cf UF c is Large (small UF c) P is large and when FcfUFc is small (large UFc) Pis small. A linear function was used to determine the fraction of the control to subtract from the fumigated flush:
( 1) where P is the fraction of UF c to subtract from F c· Therefore, MBC equaled:
Combining the two equations gives: which simplifies to:
The parameters K 1 and K 2 were estimated from the data for the California soils by regression using the model in Eq. 4.
The values of the parameters, K 1 = 0.29 and K 2 = 0.23, are those which provide the best prediction of the microscopically detenni ned biomass C from Fe and UFc using Eq. 4 (R 2 = 0.87). Substituting these parameter values, Eq. 4 can be further simplified to:
The constantS in Eq. 5 can also be obtained directly by regression of the fumigation and microscopic data. The F d U F c ratio ranged from I . 0 to 23.0. This resulted in values for P (Eq. l ) that ranged from 0.5 to 6.9 (Table 3) . We compared the relationship between MBC estimates obtained by Eq. 4 with values obtained by previous calculation methods. Figure Ia shows the relationship between microscopic biomass C and that calculated f rom Eq. 4 using the fitted values for K 1 and K 2 which gave a slope of0.96. Regression of CFI biomass C calculated without subtracting a control (MBC = Fcf0.41) against microscopic biomass C gave a similar R 2 (0.87) but overestimated microscopic biomass C by a factor of2. I (Fig. lb) . (1976) said that the CFJ technique would not work on acid forest soils. The soils in this study are neutral in pH, but contain a large amount of decomposable organic material and a large range in biomass C.
Validation of the Partial Control Model
The partial control relationship determined on Californi a soils was applied to several soils taken from three depths in a hybrid poplar plantation and from the surface (0-15 em) of a long-tenn agronomic study in Michigan to test its utility in soil microbial biomass estimations. The microscopically determined bacterial biomass C in surface samples from poplars ranged from 30 to 39 11g C g-1 soil and from 48 to 73 Jlg C g-1 in the agronomic plots. The MBC estimates, using Eq. 4 with the parameter values derived from the California soils (K 1 = 0.29, K 2 = 0.23), were similar to microscopic biomass C estimates at the various depths showing that the relationship developed for California forest is applicable to soils of different origin vegetation and depth (Fig. 3a) . Figure 2 represents the relationships between microscopic and CFI biomass C for the California forest soils calculated according to Eq. 4 (Fig. 2a) and by two other possible models. Figure 2b shows the effect of directly estimating a proportion of the control to subtract without reference to the F<_JUFc ratio: Figure 2c represents the effect of removing K 2 from the model so that Eq. 3 becomes:
Alternative models
which simplifies to
The best prediction of microscopic biomass C in the California soils with this model occurred wben K 1 was 0.47, thus Eq. 8 becomes:
This simplified relationship is appealing with a R 2 of 0.87 but makes no reference to the control ( UF c) and is therefore less flexible. The F cfUF c ratio is an indicator of soil substrate availability and is also useful in interpreting the variability encountered in MBC measurements in soils with different origins, organic matter contents, and depths. In addition, the background soil respiration ( UF c) is useful to compare changes in soil biomass activity across soil type and depth and s tudies that determine the fate of tracer C. The effect of using the above three models (Fig. 2) for a combination of the KBS poplar plantation soils (0-100 em) 
DISCUSSION
M icroscopic examination of the soil matrix remains the most direct method to estimate soil microbial biomass. It was used to calibrate the CFI method by Jenkinson ( 1976), but not by Voroney and Paul ( 1984) , who utilized 14 C cells labeled in situ. Chloroform-fumigation studies on soil with N relatively inactive soil m icrobial populations have shown good correlation to microscopic biomass (Jenkinson et al. 1976; Martikainen and Palojarvi 1990) . However, studies on organic-matter-amended soils and forest soils with high fungal biomass have shown poor correlation between microscopic biomass and an uncorrected CFI (Schnilrer et al. 1985; Ingham et al. 1991) . These have been attributed to the lack of differentiation between Jive and dead biomass, extraction efficiencies, and abiotic variables, such as moisture (Schniirer e t al. 1985; Nilsson and ROlcker 1992) . In addition, the variation in total fungal hypha! lengths and bacterial numbers and diameters is influenced by soil physiochemical characteristics and the nature of the plant community. Schnilrer et al. (1985) found that hypha! diameters declined in subsurface soil as a function of decreasing soil SOM levels. The degree of hyphal vacuolization can also influence fungal biomass estimates by microscopy (Paul and Clark 1996) . For these reasons, the lack of correlation between microscopy and CFI could be attributable to problems associated with errors in microscopy (Stahl et al. 1995) and in convening biovolumes to biomass (Bottomley 1994) .
The low rate of 14 C-maize decomposition in the non-inoculated fumigated soils compared with the unfumigated soil indicates that the mineralization of no n-micro bial soil C does not occur at the same rate as in the control. This questions the validity of subtracting the entire control respiration, 0-10 din preincubated soil (Cerri and Jenkinson 1981 ) and 10-20 din disturbed soil (Jenkinson 1976) , from the fumigated soil to estimate MBC. However, the subtraction of some proportion of the control is indicated because some 14 C maize decomposition did occur after fumigation. Smith et al. (1995) also found fumigation to redu ce the rate of min- 
